Desenvolvemos um método eficiente de esterificação e tioesterificação de uma série de ácidos carboxílicos com diferentes álcoois e tióis usando o reagente misto PPh 3 /N-clorobenzotriazol em CH 2 Cl 2 a temperatura ambiente.
Introduction
Esterification is the fundamental and routinely used functional group transformation in organic chemistry 1 and it is extensively employed for the protection and further manipulation of the carboxylic acid functional group as well as the synthesis of natural products. Traditionally, the simple condensation between a carboxylic acid and an alcohol is the most straightforward way to esterification. The difficulty stems primarily from the equilibration of the condensation reaction. The commonest approach to bias the equilibrium in favor of the product side is either by using the reactants in excess and/or continuously removing of the water formed during the reaction. The former treatment is not desirable in terms of "atom economy" 2 since the excess reactant remains to be separated from the reaction mixture. On the other hand, azeotropy is most frequently invoked, but a variety of dehydration methods have been put forth, although 100% conversion and, hence, 100% yield are, in general, not easy to achieve. Another problem emerges from the base or acid catalysts which are inevitably employed in this reaction. Under such conditions, the tolerance of a wide spectrum of functional groups that is often required in modern synthetic chemistry is not easy to achieve. Activation of the carboxylic acid or alcohol components with a stoichiometric amount of promoter such as carbodiimides, 3 diethylazodicarboxylate, 4 5,5´-dimethyl-3,3'-azoisoxazole, 5 azopyridines, 6 [{Cl(C 6 F 13 C 2 H 4 ) 2 SnOSn(C 2 H 4 C 6 F 13 ) 2 Cl} 2 ] graphite bisulfate, 7 functionalized acidic ionic liquids, 8, 9 TiO(acac) 2, 10 is another possible but uneconomical choice. These reactions historically faced purification challenges and often haunt the chemist in the isolation of the desired product. Development a new, simple, efficient, and highly profitable esterification method under mild reaction conditions and without tedious and difficult purification steps, is highly desirable and challenging.
The N-halo reagents in combination with PPh 3 have found widespread use in synthetic organic chemistry.
spectrometer. The nuclear magnetic resonance (NMR) spectra were provided on Bruker Ultrashield Avance III 400 MHz instruments in CDCl 3 . Mass spectra were recorded with a CH7A Varianmat Bremem instrument at 70 eV, in m/z (rel%). NCBT was prepared and purified by the method described in the literature. 12 Preparation of benzyl benzoate by using PPh 3 /5,5'-dimethyl-3,3'-azoisoxazole, PPh 3 /4,4'-azopyridine, Ph 2 PCl/I 2 /imidazole and PPh 3 /[bis(acetoxy) iodo]benzene/diethylazodicarboxylate (DEAD) mixed reagents was performed according the methods reported previously. 5, 6, 13, 14 Preparation of benzyl benzoate by using PPh 3 / trichloroisocyanuric acid (TCCA)
To a cold solution of PPh 3 (0.327 g, 1.25 mmol) in CH 2 Cl 2 (3 mL), TCCA (0.0974 g, 0.42 mmol) was added with continuous stirring. Benzoic acid (0.122 g, 1 mmol) was then added and stirring was continued for 15 min. Benzyl alcohol (0.270 g, 2.5 mmol) was added and the temperature was raised up to room temperature. The white suspension was neutralized by triethylamine (0.175 mL). Stirring was continued for 2.5 h at room temperature. The progress of the reaction was followed by TLC. Upon completion of the reaction, the concentrated residue was passed through a short silica-gel column using n-hexane-ethyl acetate (8:1) as eluent. Benzyl benzoate was obtained with 85% yield after removing the solvent under reduced pressure. To a cold solution of PPh 3 (0.327 g, 1.25 mmol) in CH 2 Cl 2 (3 mL), NBS (0.223 g, 1.25 mmol) was added with continuous stirring. Benzoic acid (0.122 g, 1 mmol) was then added and stirring was continued for 15 min. Benzyl alcohol (0.270 g, 2.5 mmol) was added and the temperature was raised up to room temperature. The red suspension was neutralized by triethylamine (0.175 mL). Stirring was continued for 4.5 h at room temperature. The progress of the reaction was followed by TLC. Upon completion of the reaction, the concentrated residue was passed through a short silica-gel column using n-hexane-ethyl acetate (8:1) as eluent. Benzyl benzoate was obtained with 40% yield after removing the solvent under reduced pressure. To a cold solution of PPh 3 (0.327 g, 1.25 mmol) in CH 2 Cl 2 (3 mL), NCS (0.166 g, 1.25 mmol) was added with continuous stirring. Benzoic acid (0.122 g, 1 mmol) was then added and stirring was continued for 15 min. Benzyl alcohol (0.270 g, 2.5 mmol) was added and the temperature was raised up to room temperature. The pale yellow solution was neutralized by triethylamine (0.175 mL). Stirring was continued for 3 h at room temperature. The progress of the reaction was followed by TLC. Upon completion of the reaction, the concentrated residue was passed through a short silica-gel column using n-hexane-ethyl acetate (8:1) as eluent. Benzyl benzoate was obtained with 80% yield after removing the solvent under reduced pressure. To a cold solution of PPh 3 (0.327 g, 1.25 mmol) in CH 2 Cl 2 (3 mL), freshly prepared NCBT (0.194 g, 1.25 mmol) was added with continuous stirring. Benzoic acid (0.122 g, 1 mmol) was then added and stirring was continued for 15 min. Benzyl alcohol (0.270 g, 2.5 mmol) was added and the temperature was raised up to room temperature. The pale yellow solution was neutralized by triethylamine (0.175 mL). Stirring was continued for 40 min at room temperature. The progress of the reaction was followed by TLC. Upon completion of the reaction, the concentrated residue was passed through a short silica-gel column using n-hexane-ethyl acetate (8:1) as eluent. Benzyl benzoate was obtained with 95% yield after removing the solvent under reduced pressure.
Benzyl benzoate ( 
Results and Discussion
In continuation of our study to extend the scope of N-halo reagents in conjunction with PPh 3 , 11, 44 we investigated the applicability of PPh 3 /trichloroisocyanuric acid (TCCA), PPh 3 /N-bromosuccinimide (NBS), PPh 3 /N-chlorosuccinimide (NCS) and PPh 3 /(NCBT) systems in direct esterification reaction of benzoic acid with benzyl alcohol (Table 1, entries 1-3 and 8) . Recently, direct esterification reaction was also reported by using PPh 3 and an electron deficient reagent such as PPh 3 /5,5'-dimethyl-3,3'-azoisoxazole, 5 PPh 3 /4,4'-azopyridine, 6 Ph 2 PCl/I 2 /imidazole 13 and PPh 3 /[bis(acetoxy)iodo]benzene/ diethylazodicarboxylate (DEAD) 14 (Table 1 , entries 4-7). As is apparent from Table 1 , PPh 3 /(NCBT) mixed reagent is the most efficient mixed-reagent system, for conversion of benzoic acid to benzyl benzoate. Replacement of NCBT by every above-mentioned mixed reagent systems produces benzyl benzoate in longer reaction time.
According the data from Table 1 , PPh 3 /NCBT system is the best choice for direct esterification of benzoic acid (Scheme 1).
To achieve high reaction efficiency, the reaction of benzoic acid with benzyl alcohol was chosen as model reaction to investigate the applicability of PPh 3 /NCBT system in direct esterification and thioesterification reactions of carboxylic acids. The effects of different molar ratios of PPh 3 /NCBT/RCO 2 H/ROH in various solvents were examined on the model reaction.
Treating a solution of PPh 3 (1 equiv.) and NCBT (1 equiv.) in CH 3 CN at room temperature with different Table 2 , entries 1-4). Increasing the molar ratios of PPh 3 /NCBT and benzyl alcohol in CH 3 CN gave 100% conversion of benzoic acid to benzyl benzoate in 40 min (Table 2 , entries 5-6). As the applying 1.25/1.25/1/2.5 molar ratios of PPh 3 /NCBT/ RCO 2 H/ROH in CH 3 CN gave 100% conversion of benzoic acid to benzyl benzoate in 40 min, esterification reaction was examined in CH 2 Cl 2 at the same conditions. Surprisingly, there is no difference between the rate of esterification reaction in CH 3 CN and CH 2 Cl 2 ( Table 2 , compare entries 5 and 7). At the same conditions performing the reaction in other solvents such as THF, CHCl 3 , 1,4-dioxane, acetone, toluene and hexane produced the desired product with lower yield and in longer reaction time ( 3 and NCBT in the esterification reaction, the model reaction was carried out in the absence of PPh 3 and NCBT respectively. As summarized in Table 2 , no desired product was detected in the absence of PPh 3 and NCBT ( Table 2 , entries 14-15).
To explore the generality and scope of the esterification and thioesterification reaction by using PPh 3 /NCBT mixed reagent, the optimized reaction conditions 1.25/1.25/1/2.5 molar ratio of PPh 3 /NCBT/RCO 2 H/ROH or RSH in CH 2 Cl 2 were used for the synthesis of a series of esters and thioesters (Table 3 ). According to the results obtained (Table 3 ) esters and thioesters were prepared from the reaction of aromatic and aliphatic carboxylic acids with primary and secondary aliphatic and benzylic alcohols, phenols and aliphatic and aromatic thiols by using PPh 3 /NCBT system in high isolated yields.
The aromatic carboxylic acids with electronwithdrawing substituents were rapidly reacted with benzyl alcohol and converted into their corresponding esters in a very short reaction time (20-35 min) with 100% conversion (Table 3 , entries 6-10). In spite of inductive effect of chlorine which caused o-chlorobenzoic acid (pK a = 2.89) stronger acid than p-chlorobenzoic acid (pK a = 4.03), o-chlorobenzoic acid was converted to the corresponding ester in longer reaction time than p-chlorobenzoic acid (e.g., compare entry 5 with 6). Difference in reactivity between o-chlorobenzoic acid and p-chlorobenzoic acid can be rationalized by the steric effect of chlorine in 14 have shown any reactivity from tertiary alcohols towards benzoic acids. In order to gain more insight into the general applicability of this method, we also studied the possibility of applying PPh 3 /NCBT system to the reaction of carboxylic acids with phenols. On the basis of the results obtained from Table 3 , aromatic and aliphatic carboxylic acids react smoothly with phenols, and the corresponding esters are produced with high yields (Table 3 , entries [26] [27] [28] [29] . This mixed reagent system also converts aliphatic and aromatic carboxylic acids to the corresponding thioesters with primary and secondary aliphatic and aromatic thiols (Table 3 , entries 30-38). All the products were identified by comparing their spectral data with those of an authentic sample.
In our experiments, the completion of the reaction was confirmed by the disappearance of the carboxylic acids on TLC followed by the disappearance of acidic OH stretching frequency at 3400-2400 cm -1 in FTIR spectra. Also, absorption bands at 1743-1706 and 1393-1144 cm -1 due to carbonyl and C-O group of esters in FTIR spectra confirmed the ester formation. Formation of thioesters was also confirmed by appearance of an absorption bands at 1681-1643 cm -1 due to carbonyl group (O=C-S) of thioesters. All of the products were known compounds and characterized by the IR and comparison of their melting points with known compounds. The structure of selected products was further confirmed by 1 H NMR spectroscopy and mass spectrometry.
Conclusion
In this study, we introduced the application of NCBT (as an N-halo reagent) in conjunction with PPh 3 for esterification and thioesterification reactions. In comparison with the previously reported methods, the present protocol offers several advantages: (i) the reaction proceeds smoothly with a wide range of carboxylic acids (aromatic and aliphatic) and alcohols /or phenols and thiols. (ii) the reagents (PPh 3 and NCBT) offers easy handling and simple work-up; (iii) this method has satisfactory yields of a variety of esters and thioesters; (iv) in contrast to the previously reported systems, which proceeded by dehydration reaction between carboxylic acids and alcohols, in the present method, esters are produced in a short reaction time. (v) PPh 3 and NCBT system could be considered as an attractive and useful contribution to the present organic synthesis for direct esterification and thioesterification of different carboxylic acids.
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